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An experimental investigation was conducted to determine
the feasibility of introducing particles of a known mean
diameter into a small solid propellant rocket motor and
measuring the change in mean diameter across the exhaust
nozzle. Light scattering profiles at small forward angles
were recorded at the entrance and exit of the nozzle. The
propellant utilized was nonmetallized and contained HTPB and
ammonium perchlorate. Promising results were obtained for
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I. INTRODUCTION
The use of metals in solid propellant rocket motors has
brought directed attention to those aspects of performance
losses which are not observed with nonmetallized propel-
lants. The mechanisms, which are detremental to the effec-
tiveness of the rocket nozzle expansion process in
converting thermal to kinetic energy, are well known. The
more important of these mechanisms are 1) a momentum loss
resulting from unburned metal particles not being acceler-
ated to the exhaust exit velocity (velocity lag); 2) an
energy loss due to the failure of metal particles to
completely transfer their thermal energy to the exhaust
stream before leaving the nozzle (thermal lag); 3) energy
loss through heat transfer from the exhaust products to the
nozzle; and, 4) a momentum loss through particle impingment
on the nozzle walls.
Mechanisms 1 and 2 are commonly grouped together under
the name of two phase flow losses and are often the largest
source of losses in a rocket's specfic impulse and perform-
ance [ Ref . 1] . Methods for predicting two phase flow losses
have been created and are commonly used as an integral part
of rocket motor and propellant design. One of the most
important variables in the prediction of two phase flow
losses is the size of condensed metal particles in the
nozzle. Hence, it follows that any performance predictions
depend on the ability to accurately determine the size of
particles in the motor and nozzle environment.
Analytical computer programs, which attempt to predict
performance for solid rocket motors, such as the Improved
SPP (Solid Performance Program) [Ref. 2] are semi-empirical
due to the lack of understanding of the fundumental
processes. The two-phase flow losses are based on particle
size data from collected exhaust samples of small motors.
Hermsen [ Ref . 3] improved the SPP prediction code by adding
an empirical approach using linear and nonlinear least
square methods, but the improvement still required corre-
lating collected particle size data . Price [ Ref. 4]
provides a good summary of the combustion behavior of metal-
lized propellants in the rocket motor environment, and shows
that experiments must be carried out to determine' how
particle sizes vary in the actual flow environment in order
to truely validate the models for two phase flow losses.
At the Naval Postgraduate School Combustion Laboratory
an investigation was initiated to probe the use of light
scattering techniques to obtain particle size data across
the exhaust nozzle of a small rocket motor [Ref. 5, 6].
Forward light scattering provides a viable method for
collecting data and essentually does not disrupt the motor
environment. Utilizing an approach presented by Buchele
[ Ref. 7] the diffraction of light scattered by particles are
analyzed in order to obtain the volume to surface mean
diameter, 032-
A validation of the techiques in use was conducted by
Rosa [ Ref. 8] with good success outside the motor. However,
combustion light at the wavelength of the transmitted light
and/or multiple scattering greatly hampered the light scat-
tering measurements within the motor.
The purpose of this investigation was to modify the
apparatus developed in previous efforts in an attempt to
make measurements of the changes in mean particle size
across the motor port and across the exhaust nozzle. In
most cases the particle sizes leaving the propellant surface
are unknown. , and are not directly related to propellant
properties. In order to know the initial particle sizes a
different approach was taken. A nonmetallized propellant
with an internally burning grain was used and aluminium
10
oxide particles of a known size distribution were introduced
at the motor head-end.
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II. THEORETICAL BACKGROUND
Van de Hulst [ Ref . 9] discusses in detail the theory
involved in the light scattering properties of particles of
arbitrary size and refractive index as first proposed by
Mie. The Mie equation for light scattering, although appli-
cable to all situations, is very complex and difficult to
use in data reduction due largely to the inclusion of
Legendre polynomials and spherical Bessel functions.
Light scattering investigations subsequent to Mie's
theory determined that alternate, less complicated, theories
such as Rayleigh scattering and Fraunhofer diffraction could
be utilized when the particles were much smaller or larger,
respectively, than the wavelength of the incident light.
The present investigation was concerned primarily with
two-phase, flow losses. These losses depend primarily upon
the larger (3-20 micron) particles in the exhaust, rather
than the larger quantity of very small ( less than 2 micron)
particles. These particles have diameters significantly
greater than the wavelength of light, and hence, their
characteristics are adequately described by Fraunhofer
diffraction.
Fraunhofer diffraction for a monodispersion is given by
the equation
1(6) =(2J 1 (aG)/(ae)]
2
1(0) is the ratio of intensity of scattered
light at some angle (9) to the intensity of
scattered light at theta equal to zero
degrees
J-j_(«0) is a first order Bessel function, and
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a = KD/"k is the particle size parameter for
diameter D and wavelength of light ( X) •
Particle size is then determined by the angular distance
of subsequent maxima and minima in the diffraction pattern.
Dobbins, et al [ Ref . 10] found that, although Fraunhofer
diffraction techniques were not able to determine polydis-
persion size distributions, the mean diameter could be
determined by the angular distribution of diffracted light.









r( D ) c2dD
N
r
(D) is a distribution function describing the propor-
tion of particles with diameter D in the sample. It is
noteworthy that Dobbins made use of the Upper Limit
Distribution Function as proposed by Mugele and Evans
[Ref. 11]. Buchele [Ref. 7] has recently summerized the
experimental techniques for determining particle size by
measurements of diffractively scattered light. In his
report Buchele presents a function which closely expresses
the curves given in the study by Dobbins, et al.
I(0)=EXP-( . 57a0) 2
The above expression was used in the present investiga-




A photograph of the complete apparatus is presented in
Figure 3. 1. The major modifications to the motor and appa-
ratus used in previous investigations were threefold;
• The rocket motor mount was modified in order to fire
the rocket vertically, vice horizontally as before,
• Three inches were added between the rocket motor
windows and the nozzle to allow the two laser optical
systems to be used directly on top of each other, and,
• A new ignition port was positioned on the body of the
motor to light the rear face of the propellant. The
igniter port used previously was used for a particle
feeder to introduce particles into the head-end of the
motor.
B. ROCKET MOTOR
The motor components are displayed in a photograph in
Figure 3.2, and represented in schematic form in Figure 3.3.
The particle feeder components are shown in Figure 3. 4, and
also presented in a schematic in Figure 3. 5. The feeder
essentially consisted of three parts; a hopper and feeding
tube leading into the rocket motor, a solenoid actuated
spoon which allowed the investigator to open the hopper and
introduce particles into the motor, and finally a three-
ported disk which induced the particles into a spreading
profile as they entered the motor cavity.
The propellant grain was two inches in diameter and one
inch in length with a web thickness of . 725 inches. The
grain was cylindrically perforated in order to obtain a
plateau burning design. A BKNOg igniter was used and igni-
tion was accomplished by heating a resistance wire with a 12
VDC source.
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The copper exhaust nozzle used in previous reports
[ Ref . 6] was modified for use in this experiment by means of
developing an insert that could be changed to vary the
throat diameter. This modification did not alter the opera-
tion of the nozzle or motor in any way but simply provided a
convenient and economical way to change the nozzle throat
diameter. Specifications and a schematic of the nozzle with
insert are shown in Figure 3. 6.
C. LIGHT SCATTERING APPARATUS
The apparatus shown in Figures 3. 1 and 3. 6 was essen-
tially the same as used in reference 8. The light sources
used through the exhaust and motor cavity were 8 and
5-milliwatt helium neon lasers, respectfully.
Specifications are given in Table II. The lasers were
mounted on two parallel optic benches, one for the beam
passing through the exhaust, and the other for the beam
passing through the motor cavity approximately three inches
in front of the nozzle entrance. The motor cavity optical
bench was mounted on a hinged base in order to allow it to
be swung into position for firing, and out of position for
ease of equipment set up and take-down.
The laser used in the exhaust was expanded and colli-
mated in order to encounter a maximum of particles in the
sparsely populated exhaust. The incident beam of each laser
was intercepted by a physical stop placed immediately in
front of the narrow pass filter that was used to eliminate
extraneous light. The narrow pass filters, 2.3 centimeters
diameter in the motor cavity and 5. 08 centimeters diameter
in the exhaust, were placed 30. 5 centimeters from the motor
centerline for the exhaust beam and 11. 5 centimeters from
the motor centerline for the motor cavity beam. This
resulted in a maximum angle for collecting scattered light
of 4. 8 degrees in the exhaust and 6. degrees in the motor
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cavity. Immediately following the narrow pass filter a
condensing lens, with a diameter of 5.08 centimeters, was
placed in both beam paths. Both lenses had a focal length
of 50 centimeters and were alligned in order to focus the
diffracted light from particles onto a linear array of
photodiodes. When measurments were taken during a firing
the diode arrays were positioned 1. centimeter below the
undisturbed focussed beam. Scattered light between . 02 and
. 07 radians was incident on the array. In the current appa-
ratus an eight inch stainless steel tube was positioned
around the exhaust stream in order to redirect the exhaust
away fron the optical bench.
D. DATA ACQUISITION AND REDUCTION
Details of the data acquisition system are presented in
reference 5. The system controller was an HP 9836S computer
and an HP 6942A multiprogrammer was used for rapid A/D
conversion and storage.
The 9836S has two internal disk drives which were used
to store data after acquisition. Eight consecutive scans of
the photodiode array in the exhaust were made, followed by
four motor cavity scans. The point during the firing when
data was taken was controlled by the acquisition system.
This was accomplished by monitoring the motor chamber pres-
sure and specifying a time delay after steady state opera-
tion was obtained.
The multiple scans of each array provided a statisti-
cally more valid measures of particle size than obtainable
with a single scan.
Data reduction was accomplished using the method
detailed in reference 8. The method consists of an itera-
tive graphics technique used to fit a theoretical profile
(for a specified D39 based on a selected angle (6-^) and
corresponding intensity (^i) at that angle) to an
16
experimentally obtained profile. The approximate equation
for a polydispersion curve as presented by Buchele [ Ref . 7]
is
I(G)=EXP-( . 57a0) 2
When applied between two different positions on the
diode array the following equation is obtained:




)( . 57a) 2 ]
Therefore, when a series of 62 ' s are choosen a series of
I 2
' s are generated, and then a theoretical profile of I vs
6 is superimposed on the experimental data passing through
the point I-i and 0^. If the theoretical curve does not fit
the experimental data, other values of D3 2 can be selected,
and new theoretical curves generated. Therefore, as
described in reference 8, the mean particle size is based
upon fitting an approximate (although quite accurate) theo-
retical profile for a polydispersion to the profile obtained
experimentally over a small range of scattering angles.
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Figure 3. 1 Photograph of Complete Experimental Apparatus.











1 - Nitrogen Purge
2 - Pressure Transducer
A - Large Window (.30)
B - Small Window (.15)
Note: all dimensions in inches
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2. 125
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A. Helium-Neon Laser (Exhaust)
1. Manufacturer Spectra-Fhysics
2. Model: 14 7
3. Type: He-Ne Class IIIB
4. Output Power: 8 mWatt
5. Beam Diameter: .92 mm
6. Beam Divergence: .87 nrad.
B. Helium-Neon Laser (Motor Cavity)
1. Manufacturer: Uni-Phase
2. Model: 130 5P
3. Type: . He-Ne Class IIIB
4. Output Power: 5 mWatt
5. Beam Diameter: .81 mm
6. Beam Divergence: 1.00 mrad.
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IV. RESULTS AND DISCUSSION
A. INTRODUCTION
The purpose of this investigation was to measure the
change in mean particle size across the exhaust nozzle of a
small solid propellant rocket. An inherent problem in any
particle sizing experiment of this type is the formation of
agglomerates and accumulates as particles concentrate on the
propellant burning surface. Unique to this investigation
was the attempt to develop a workable method of introducing
aluminum oxide (or other metal), of a known mean diameter,
into a motor burning non-metallized propellant. This addi-
tional step, although recognized as being quite different in
terms of particle, burning surface and gas flow interac-
tions, produces controls which could potentially provide
valuable information about the 'life sequence' of particles
in solid rocket motors.
B. MOTOR SIMULATION
In order to properly test the proposed method of intro-
ducing particles into an ignited motor, a scaled down
Plexiglas model of a rocket motor was manufactured and is
shown in Figure 4. 1. Nitrogen was used to pressurize the
model and was passed through a small ( one half inch inside
diameter) gasoline filter in an attempt to simulate hot
gases rising from a burning propellant surface. Once the
model chamber pressure had been set, a single ported spoon
could be alligned to allow aluminum oxide particles from the
hopper to fall (via gravity) through the feeding tube and
into the rocket body. Photographs of high speed movies
(Figure 4.2 and 4.3) taken just aft of the gasoline filter
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verified the applicability of the proposed method in consid-
eration to both uniformity and distribution of the falling
particles. Although high speed movies of particles falling
within the real motor could not be taken due to illumination
problems, holograms of the particles (Figure 4.4) in cold
flow in the motor also showed good distribution and
uniformity. At this time in the investigation the impor-
tance of having spherical particles was discovered. In all
the previous test runs, spherical glass beads were used with
good success, but when 20 micron aluminum oxide grit was
used, the non-spherical characteristic prevented the parti-
cles from freely falling under any circumstances.
Fortunately, spherical aluminum oxide particles with a
distribution of 1-100 microns were obtained, which, after
screening, provided particles with a 1-44 micron distribu-
tion for use in the investigation.
C. SYSTEM CALIBRATION
The apparatus was calibrated by Rosa [ Ref . 8] using the
standard calibration procedure as detailed by Harris
[Ref. 5]. The apparatus was recalibrated in this study as
a result of the modification done to fire the rocket verti-
cally instead of horizontally. A calibration involved
passing the laser beam through a Plexiglas container holding
a suspension of either polystyrene spheres or glass beads in
water. The photodiode array was alligned so that the inci-
dent laser beam was positioned on the number one diode.
Then the diode array was dropped down one centimeter,
allowing the array (2.56 centimeters in length) to measure
the intensity of light scattered at angles from .02 to . 07
radians.
A polydispersion sample of polystyrene spheres, with a
D32 °f 10- 2 microns, was initially used for the calibration.
The results are presented in Figures 4. 5 and 4. 6. The
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results show good agreement with the actual mean diameter of
the sample. Additional calibrations were also conducted
within the motor cavity with the window nitrogen purge in
operation in order to determine if it altered the light
scattering in any way. The results, which showed no discer-
nable effect, are presented in Figures 4. 7 and 4. 8.
A second polydispersion sample of glass beads with a D39
of 25 microns, was also used for calibration and resulted in
light scattering profiles consistent with particles of less
than 15 microns in diameter until adjustments were made to
the measuring angles of the scattered light. Knowing that
large particles diffract light at small angles the photo-
diode array was lowered only . 5 centimeters below the main
beam and the calibration was repeated with good results
(Figure 4.9). This procedure resulted in the range of
angles measured becoming .01 to . 06 radians.
Much has been written about bi-modal distributions of
particles in solid propellant rocket motor exhausts. It is
the larger particles that are of interest in two-phase
calculations. Although a true bi-modal distribution is
difficult to produce, the effects of a high concentration of
small particles in a known distribution of larger particles
could be examined. To this end, a calibration using polys-
tyrene spheres, with a distribution of 3 to 6 microns and
D32 °f 4.8 microns, was completed with the results presented
in Figure 4. 10. A second light scattering profile, Figure
4.11, was then obtained when polystyrene spheres with a D09
of 0. 9 microns in very high concentration were added to the
4. 8 micron sample. As shown by the two light scattering
profiles, although the smaller particles have an effect on
the D30 of the total distribution, the larger particles have
the greatest and most predominate effect on the resultant
D32-
28
D. MOTOR FIRING DATA
The propellant used in this investigation was a nonme-
tallized composite propellant consisting of an inert binder,
(15% HTPB) and an oxidizer (85% ammonium perchlorate ) . When
burned at 200 psi the propellant would produce a theoretical
chamber temperature of 2860 K. Therefore, two different
available spherical particle compositions with acceptable
melting temperatures were tested in firing applications:
glass beads (melting temperature of approximately 1700 K)
and aluminum oxide (melting temperature of 2320 K).
1. Glass Beads
Three tests were conducted where glass beads, with a
distribution of 1 to 37 microns and a calculated D32 °f 25
microns, were fed into the ignited motor. The motor firing
data and a summary of particle size measurements across the
nozzle are presented in Table III. These results are also
presented in Figures 4. 12 through 4. 17. The light scat-
tering measurements, although not in precise agreement, did
point out a definite trend towards a reduction in mean diam-
eter across the exhaust nozzle. Additionally, it is inter-
esting to note the wide variation in chamber pressures (310
to 600 psi) when glass bead particles were fed into the
motor, especially when the chamber pressure of the base
propellant without particles added never rose above a pres-
sure of 230 psi.
2. Aluminum Oxide
Five tests were conducted where aluminum oxide, with
a distribution of 1 to 44 microns and a calculated Do-, of 30
microns, were fed into the ignited motor. The firing data
and a summary of the particle size measurements are
presented in Table IV and V. These results are also
presented in Figures 4. 18 through 4. 27. The light scat-
tering diameter measurements were fairly consistent within
each test run, but seemed significantly smaller than the
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calculated diameters from SEM evaluations of collected
particles. Some possible contributing factors for these
variations are that; 1) particles can continue to run out of
the particle feeder onto the nozzle ( where they were
collected for SEM analysis ) after the propellant has
completed burning, 2) the potential for large agglomerates
to form has increased due to combustion moisture from the
burning propellant, 3) the exhaust tube, primarily used to
redirect the rocket exhaust away from the optical test
bench, was positioned at such an acute angle so as to not
obtain a truely representative sample ( reflected in the
relatively small sample number), and 4) a polydispersion of
1-44 microns is too broad a distribution to properly use in
an investigation of this nature. It is felt that a
polydispersion of not more than 20 microns with a maximum
particle size of 25 or 30 microns should be used in future
studies.
The AI2O3 particle size appeared to increase
slightly across the nozzle, in contrast to the glass beads.
Finally, a wide variation in chamber pressures was
again obtained when aluminum oxide particles were fed into
the motor.
3. System Problems
In attempting to design a realistic system for
feeding particles into a rocket motor, an obvious concern
was in determining the residence time of the particles in
the motor. In the burning of a metallized propellant, the
metal will become molten as it reaches the burning surface
and, whether it agglomerates or not, it will be molten as it
enters the gas flow. In this investigation, although the
aluminum oxide particles were not molten as they entered the
gas flow, it was assumed that they could become molten,
depending on their melting temperature and residence time,
prior to completing their flow over the burning propellant
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grain. The residence times for pressures of 250,400 and 600
psi for the distances; 1) to the end of the propellant
grain, 2) to the windows, and 3) to the nozzle throat, are
presented in Table VI. The residence times of the particles
within the grain were quite short. However assuming that
the gas temperature was not reduced significantly (by heat
transfer to the uninsulated walls) within the motor, suffi-
cient time (approximately 50 msec) existed for the glass
beads and aluminum oxide particles to become molten before
entering the exhaust nozzle.
A very noticeable problem in the present system was
the very wide fluctuations in chamber pressures during test
runs with essentually the same operating conditions. In
addition to an increased pressure, the pressure traces indi-
cated a reduction in overall burning time as expected for an
increased burning rate for the propellant. These changes
are believed to be the result of particles impinging on the
burning propellant surface and conducting additional heat
back into propellant. This situation of impingment is
undoubtedly enhanced by the relatively small grain port
diameter and by the fact that the port was often cut unin-
tentially at a small angle to the vertical. On the surface,
the solution to this problem would appear to be to merely
increase the size of the hole cut in the propellant.
However, this would result in a significant reduction in the
burn time. Therefore, the problem would be best solved with
an overall increase in the rocket motor's internal dimen-
sions and, subsequently, an increase in the propellant'
s
outside diameter.
As stated earlier, moisture from the burning propel-
lant periodically can invalidate a test run by causing
particles to stick together and block the feeding tube, or
pass through the motor as very large agglomerates. Although
unfortunate, this problem would seem to be unavoidable in
31










Figure 4. 1 Photograph of Plexiglas Rocket Model.
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Figure 4. 4 Photographs of Reconstructed Holograms
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Figure 4. 8 Motor Calibration with 10. 2 Micron Polystyrene
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SUMMARY OF 25 MICRON GLASS BEADS FIRING
Date of Press Press Motor Exhaust Residence
Test Pr Max Pc D32 D 32 Time
(psig) (psig) (microns) (microns) (sec)
1 May 320 350 21 13
2 May 275 310 22 18




Notes: Calculated D32 ( SEM) of 25 microns.
Measured D32 ( light scattering) of 24 microns.
Pressure column labeled Pr indicates pressure at











































































































































































































































Figure 4. 17 Exhaust Curve Fit - 3 May.
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TABLE IV














(psig) (psi g) ( Microns) ( Microns) ( Microns)
25 Apr (-) (-) 29 33 (-)
27 Apr 220 430 (-) 30 (-)
4 May 290 315 23 18* 22
5 May 335 420 21 25 23
6 May 260 285 20 25 22
8 May 390 500 22 28 25
Notes: (-) indicates sample not taken or data not obtain
* profile obtained in last scan of exhaust and
is lower for this reason
TABLE V
SUMMARY OF SEM DATA FOR ALUMINUM OXIDE FIRINGS
Date of Sample Nozzle* Exhaust**




(microns) (microns) (Microns) Particles Motor Gas
25 Apr (-) (-) (-) 3. (-)
27 Apr (-) (") (-) 1. 9 61
4 May 28 31. 5 33 1. 9 44
5 May 27. 3 31 34 1. 9 59
6 May 29 35 31 1. 9 40
8 May (-) 31. 5 34. 5 1. 9 71
Notes: Mass flow for-,alluminum oxide and propellant are
in lb/sec 10~ J .
* particles collected from nozzle face.
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Press Propellant Windows Nozzle Throat
(psig)
250 .00028 .049 .09
400 .00027 .049 .09
600 .00027 .048 .09
Note: All times in seconds.
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V. CONCLUSIONS AND RECOMMENDATIONS
The results of this investigation have shown that the
measurement of D09 across the exhaust nozzle when particles
of a known mean diameter are fed into the motor is possible.
However, further development and use of the present appa-
ratus is restricted to the availability of small (1 to 20
microns) spherical metal particles.
Subsequent work should consider the employment of a
larger (dimensional cross-section) rocket motor to enable
the investigator to reduce, and hopefully eliminate particle
impingement on the propellant surface. This modification
would allow the rocket motor chamber pressure to be under
the control of the investigator through variation of the
nozzle throat diameter.
The present optical system and propellant in use
provided good data with minimal noise and combustion light
interference with the photodiode arrays. One apparatus
change that could be adopted would be the modification of
the small window port of the motor to accept a larger
window. This alteration would not adversely effect the
internal gas flow in the motor, but would eliminate the
sidewall diffraction and noise periodically encountered with
the small window, and greatly ease the apparatus set up and
post-fire cleaning.
It is recommended that the present apparatus and propel-
lant be used to create a data base for various metal addi-
tives. Simply, different additives, of known D32/ could be
introduced into the rocket motor using the present set up
and relative information about their behavior and life
sequence could be determined and used towards improving
model prediction codes. Possible metals for consideration
would be aluminum, magnesium, zirconium, and boron.
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